ABSTRACT LiCoO 2 particles were coated with 33Li 4 GeS 4 ·67Li 3 PS 4 (mol%) solid electrolyte (SE) thin films by pulsed laser deposition (PLD). The all-solid-state cells using positive electrodes, composed of only LiCoO 2 particles coated with SE thin films, were fabricated and their electrochemical performances were investigated. The cell was charged and discharged with a higher capacity of 67 mAh g −1 than that using LiCoO 2 particles without SE-coating. Moreover, the capacity of all-solid-state cell increased to 80 mAh g −1 after enhancing the ionic conductivity of SE thin films by heat treatment at 200°C. The use of highly lithium-ion conductive thin films was effective in the formation of sufficient lithium-ion conduction paths in positive electrodes for bulk-type all-solid-state batteries.
Introduction
The increasing demand for lithium secondary batteries with higher energy densities, operation lives and reliabilities calls for the usage of solid electrolytes instead of organic liquid electrolytes. The realization of all-solid-state batteries is considered to be essential for large-scale applications such as electric vehicles and plug-in hybrid electric vehicles. [1] [2] [3] In general, all-solid-state batteries are divided into two types (film-type and bulk-type). Especially, bulk-type batteries, which use composite electrodes of active material and solid electrolyte powders, are anticipated as power sources with high energy density and would be more suitable for large-scale batteries.
For the practical use of them, most critical disadvantage is the difficulty of forming good contacts between electrode active material and solid electrolyte powders. Coating solid electrolyte (SE) thin films on electrode materials is useful for forming an ideal electrode-electrolyte interface. So far, we have reported the preparation of amorphous Li 2 S-P 2 S 5 and Li 2 S-GeS 2 thin films for surface-coating on LiCoO 2 particles by pulsed laser deposition (PLD). 4, 5 The cells using surface-modified LiCoO 2 particles with the SE thin films operated as lithium secondary batteries. Furthermore, SE coatings are effective not only in the formation of favorable electrode-electrolyte interface, but also in the significant reduction of SE contents in composite electrodes. Consequently, the increase of energy density in all-solid-state batteries was achieved by using this coating technique. 6 In order to improve the cell performance, SE thin films with higher ionic conductivity are needed. We focused on so-called "mixed anion effect" to increase ionic conductivity of sulfide glassy electrolytes. The glassy electrolyte thin films in the pseudobinary system Li 4 GeS 4 -Li 3 PS 4 showed high ionic conductivity because of the coexistence of GeS 4 4¹ and PS 4 3¹ structural units. In addition, the ionic conductivity of Li 4 GeS 4 -Li 3 PS 4 thin films was increased to 1.8 © 10 ¹3 S cm ¹1 after heat treatment at 200°C. 7 In this study, bulk-type all-solid-state batteries using LiCoO 2 particles coated with Li 4 GeS 4 -Li 3 PS 4 thin films were constructed for the first time. The ionic conductivity of thin films on the LiCoO 2 particles was expected to be increased by heat treatment at 200°C. Effects of the ionic conductivity in SE-coating layer on electrochemical performances were investigated.
Experimental
The coating of 33Li 4 GeS 4 ·67Li 3 PS 4 (mol%) solid electrolyte (SE) thin films on LiCoO 2 (D-10, Toda Kogyo) particles was conducted by PLD with a KrF excimer laser (K = 248 nm, LPXPro, Lambda Physik). The deposition conditions are shown in our previous report (see in Ref. 7) . The pellets of the mixture of Li 2 S (Idemitsu Kosan, 99.9%), GeS 2 (Furuuchi Chem., 99.9999%) and P 2 S 5 (Aldrich, 99%) crystalline powders without sintering were used as a target. During the deposition, LiCoO 2 particles were fluidized by a vibratory system (VIB-FB, Nara Machinery Co.) for the good adhesion between LiCoO 2 particles and SE thin films. LiCoO 2 particles were coated with LiNbO 3 thin films in advance, for LiNbO 3 -coated LiCoO 2 showed high electrochemical performance in the all-solid-state batteries with sulfide SEs. 8 For preventing the SE-coated LiCoO 2 particles from exposure to the atmosphere, an Ar-filled grove box was connected to a vacuum chamber for PLD. In this study, a target holder was attached at an upper side and a vibratory system was put at a lower side in order to deposit SE thin films on LiCoO 2 particles. In addition, the heat treatment for SE-coated LiCoO 2 particles was conducted at an Ar-filled grove box.
The morphology and elemental mappings of both LiNbO 3 and SE-coated LiCoO 2 particles were observed with a scanning electron microscope (SEM; JSM-6610A, JEOL) and an energy dispersive X-ray spectroscopy (EDX), respectively.
All-solid-state cells (In/80Li 2 S·20P 2 S 5 (mol%) glass-ceramic/ LiCoO 2 ) were constructed to examine the electrochemical performance of LiCoO 2 particles surface-modified with both LiNbO 3 and 33Li 4 GeS 4 ·67Li 3 PS 4 (mol%) SE thin films. 80Li 2 S·20P 2 S 5 (mol%) glass-ceramic powders were used as a solid electrolyte separator and prepared by mechanical milling and subsequent heat treatment from starting mixture of Li 2 S (Idemitsu Kosan, 99.9%) and P 2 S 5 (Aldrich, 99%) crystalline powders. 9 An indium foil was used as a negative electrode. A bilayer pellet consisting of both LiNbO 3 and SE-coated LiCoO 2 particles (10 mg) and glass-ceramic electrolytes (80 mg) was obtained by cold-pressing under 360 MPa (] = 10 mm), and then the indium foil was attached to the bilayer pellet by cold-pressing under 240 MPa. All the processes were performed in a Ar-filled glove box. All-solid-state cells were charged and discharged using a charge-discharge measuring device (BTS-2004; Nagano Co.).
Results and Discussion
We have already reported the characterizations for 33Li 4 GeS 4 · 67Li 3 PS 4 (mol%) thin film prepared by PLD. 7 An exothermic peak corresponding to the crystallization was observed in the DTA curve, and the heat treatment was conducted at 200°C. After the heat treatment, the ionic conductivity of the thin film was increased from 1.1 © 10 ¹4 to 1.8 © 10 ¹3 S cm ¹1 at 25°C, and activation energy decreased from 42 to 28 kJ mol
¹1
. Although the nominal composition of 33Li 4 GeS 4 ·67Li 3 PS 4 (mol%) for the thin film corresponded to that of Li 10 GeP 2 S 12 (LGPS) crystal phase, 3 all the peaks in the XRD pattern were assigned to thio-LISICON Li 4¹x Ge 1¹x P x S 4 crystal at region II (0.6 < x < 0.8), which showed high ionic conductivity of 2.2 © 10 ¹3 S cm
. 10 The enhancement of ionic conductivity was brought about because of the precipitation of highlyion conductive crystal phase "thio-LISICON" after heat treatment at 200°C.
The 33Li 4 GeS 4 ·67Li 3 PS 4 (SE) thin films were coated on LiCoO 2 particles surface-modified with LiNbO 3 for 160 minutes by PLD. The surface morphology of both LiNbO 3 and SE-coated LiCoO 2 particles was investigated using SEM observations. Figure 1 shows (a) the surface morphology of LiNbO 3 -coated LiCoO 2 particles without SE-coating, (b) both LiNbO 3 and SE-coated LiCoO 2 particles and (c) both LiNbO 3 and SE-coated LiCoO 2 particles with the heat treatment at 200°C. Regardless of the presence or absence of SE-coating and heat treatment for LiNbO 3 -coated LiCoO 2 particles, the surface was relatively smooth. EDX elemental mappings for both LiNbO 3 and SE-coated LiCoO 2 particles without the heat treatment are shown in Fig. 2 . Ge, P and S elements of the 33Li 4 GeS 4 ·67Li 3 PS 4 and Co and Nb elements of the LiNbO 3 -coated LiCoO 2 were detected at the same area in EDX mappings, which suggests that the surface of LiCoO 2 particles surface-modified with LiNbO 3 was uniformly coated with the 33Li 4 GeS 4 ·67Li 3 PS 4 SE thin films. We previously reported that the thicknesses of LiNbO 3 and 80Li 2 S·20P 2 S 5 (mol%) SE layer on LiCoO 2 particles were ca. 10 nm and 50-70 nm, respectively, which was identified by cross-sectional TEM observations. 11 By taking into account the difference in deposition rate and time, the thickness of 33Li 4 GeS 4 ·67Li 3 PS 4 SEcoating layer was estimated to be ca. 120 nm, corresponding to the amount of about 3 wt% SE in the composite positive electrode. Allsolid-state batteries fabricated in our previous reports operated as a lithium secondary battery with such small amounts of SE in the composite positive electrode. 5, 6 The all-solid-state In/80Li 2 S·20P 2 S 5 glass-ceramic electrolyte/ LiCoO 2 cells were constructed. SE powders were not mixed into the composite LiCoO 2 electrode; the positive electrode was composed of both LiNbO 3 and SE-coated LiCoO 2 particles. In this report, Electrochemistry, 82 (7), 591-594 (2014) the displayed capacity was normalized only by the weight of both LiNbO 3 and SE-coated LiCoO 2 particles. Figure 3 shows the comparison of charge-discharge curves of all-solid-state cells using (a) LiNbO 3 -coated LiCoO 2 particles without SE-coating, (b) both LiNbO 3 and SE-coated LiCoO 2 particles and (c) both LiNbO 3 and SE-coated LiCoO 2 particles with heat treatment at 200°C. The measurements were conducted at a current density of 0.13 mA cm ¹2 (0.12 C) at 25°C. The all-solid-state cell using both LiNbO 3 and SEcoated LiCoO 2 operated as a lithium secondary battery and showed the discharge capacity of 67 mAh g ¹1 , which was almost identical to the capacity of the cell using 80Li 2 S·20P 2 S 5 (mol%) 6 or 78Li 2 S·22GeS 2 (mol%) 5 -coated LiCoO 2 particles (surfaced-modified with LiNbO 3 in advance). On the other hand, the all-solid-state cell using LiNbO 3 -coated LiCoO 2 without SE-coating showed only a small discharge capacity of less than 10 mAh g ¹1 , suggesting that the SE-coating was effective in the formation of favorable electrode-electrolyte interface and lithium-ion conductive paths to LiCoO 2 particles. Composite electrodes are needed to combine both sufficient ionic and electronic conduction paths to electrode active material. The SE-coatings have an advantage in the formation of ionic conduction paths. In contrast, they may prevent the electronic conduction. When constructing all-solid-state cells by cold-pressing, the sulfide SEs on LiCoO 2 particles can be easily deformed. Then, the LiCoO 2 particles get closely packed in the composite electrode, resulting in direct contacts among LiCoO 2 particles. Electrons can move through the contact area of LiCoO 2 particles. Furthermore, the all-solid-state cell using both LiNbO 3 and SE-coated LiCoO 2 with heat treatment showed larger capacity of 80 mAh g ¹1 than that without heat treatment. Also, the cell showed larger capacity and higher coulombic efficiency in comparison with that using 80Li 2 S·20P 2 S 5 (mol%) 6 or 78Li 2 S·22GeS 2 (mol%) 5 -coated LiCoO 2 particles (surfaced-modified with LiNbO 3 in advance). Figure 4 shows the charge-discharge curves of all-solid-state cell using both LiNbO 3 and SE-coated LiCoO 2 particles with heat treatment. The cell was charged and discharged without a significant capacityfading for 10 cycles. The ionic conductivity of SE-coating layer was enhanced from 10 ¹4 to 10 ¹3 S cm ¹1 by heat treatment. This would lead to an increase of the number of lithium ions intercalated or deintercalated at the electrode-electrolyte interface, resulting in an increase in capacity. It can be considered that the heat treatment brought about not only the increase of ionic conductivity of SEcoating layer, but also the increase of an intimate contact area between LiCoO 2 particles and SE-coating layer. These effects by heat treatment increase the utilization of LiCoO 2 particles.
Furthermore, the reducing of SE amounts in an electrode layer is indispensable for improving the energy density of all-solid state batteries. In this study, only SE-coated electrode particles were applied as the composite electrodes. The SE weight was estimated to be ca. 3 wt% against LiCoO 2 particles from the thickness of SEcoating layer. The formation of a favorable electrode-electrolyte interface with highly ion-conductive sulfide thin films contributes to improving the energy density of all-solid-state batteries by using much smaller amounts of SE in the composite electrodes. However, the energy density at the present stage is estimated to be 25 Wh kg ¹1 , which is normalized by the total weight of positive and negative electrode layers and SE layer. This low energy density is caused by the use of large amounts of SE layer (80 mg). A higher energy density will be achieved in bulk-type all-solid-state batteries by decreasing the weight of SE layer.
Conclusions
Favorable electrode-electrolyte interface was formed by coating highly ion-conductive Li 4 GeS 4 -Li 3 PS 4 solid electrolyte (SE) on LiCoO 2 electrode active material using pulsed laser deposition (PLD). The 33Li 4 GeS 4 ·67Li 3 PS 4 (mol%) thin film with heat treatment at 200°C showed higher ionic conductivity and lower activation energy than the as-deposited thin film. This was probably owing to the precipitation of high lithium-ion conductive phase in the thin film. Bulk-type all-solid-state cells (In/80Li 2 S·20P 2 S 5 glassceramic/SE-coated LiCoO 2 ) were constructed without adding SE powder into the positive electrode layer. LiCoO 2 particles surfacedmodified with LiNbO 3 thin films in advance were used as a positive electrode. The cell using SE-coated LiCoO 2 particles was charged and discharged with a larger capacity than that using LiCoO 2 particles without SE-coating. The SE-coating on electrode active material is considered to be effective in forming an ideal interface between electrode particles and electrolyte powders. Moreover, the cell performance was improved after increasing the ionic conductivity of SE thin films coated on LiCoO 2 particles. The cell using SE-coated LiCoO 2 particles with heat treatment at 200°C showed larger reversible capacity of 80 mAh g ¹1 and better cycle performance. Electrochemistry, 82 (7), 591-594 (2014) 
